INTRODUCTION
============

The plasma membrane (PM) of mammalian cells is a highly dynamic compartment that continuously samples the environment and internalizes receptors and membrane lipids. Generally, internalization occurs via two major routes: 1) cargoes with specific signals in their cytoplasmic tails, including transferrin receptor (TfR) and low-density-lipoprotein receptor (LDLR), enter the cell through clathrin-mediated endocytosis (CME; [@B22]), and 2) cargoes such as CD59 and β1-integrin are internalized via clathrin-independent endocytosis (CIE; [@B39]). Regardless of their entry mechanism, endosomes carrying cargoes from both CME and CIE usually fuse with early/sorting endosomes (SEs) after their internalization ([@B32]). In SEs, the fate of cargoes is determined by either sorting to lysosomes for degradation or trafficking through the recycling pathway and return of cargo to the PM ([@B21]). To maintain the required balance of these molecules at the cell surface, recycling of the internalized molecules is a tightly regulated process. Aside from PM homeostasis, cell shape, and receptor retrieval, endocytic recycling is also key for a variety of cellular processes, including furrow cleavage and cytokinesis ([@B41]; [@B30]), cell migration ([@B6]), and even polarity ([@B44]).

Simplistically, recycling pathways have been described as either "fast recycling" or "slow recycling," depending on whether the recycling cargo is returned to the PM directly from SEs or is first transported to an additional organelle known as the endocytic recycling compartment (ERC), which is often localized near the microtubule-organizing center (MTOC) at the perinuclear region of the cell ([@B15]). Whereas the fast recycling route returns glycosphingolipids to the PM and is regulated by Rab4 ([@B43]; [@B8]), many receptors recycle via a Rab11-mediated pathway that traverses the ERC ([@B38]).

Despite the significance of the ERC, surprisingly little is known about its composition and structure and the mode by which this organelle functions. It has been described as a group of tubular and vesicular membrane--bound structures that often condense around the MTOC ([@B27]) and are likely connected by an elaborate network of tubular cisternae ([@B19]). Although resolution of the precise three-dimensional (3D) nature of the ERC will ultimately require complex cryo--electron microscopy (EM) and tomography, it is a crucial unanswered question whether cargo internalized via distinct pathways merges at the ERC or remains segregated in distinct regions or subcompartments within the ERC. Indeed, this question has important biological ramifications; previous studies pointed to the possibility of different cargoes returning to the PM via separate pathways ([@B28]), suggesting an active mechanism(s) to maintain segregation of cargo postsorting at the SEs.

Understanding the composition and function of the ERC has been further complicated in recent years by the plethora of membrane-bound tubular recycling endosomes (TREs) that have been identified ([@B31]). TREs are defined as tubular endosomes with lengths of up to 10 μm and diameters of up to 200 nm. We previously showed that the biogenesis of these structures occurs by a mechanism that includes the in situ generation of phosphatidic acid (PA) on membranes ([@B46]), which helps to recruit both molecules interacting with CasL-like1 (MICAL-L1) and syndapin2 to the endosomal membrane and facilitates the bending of these structures by the syndapin2 F-BAR domain to form TREs ([@B14]). However, whereas the mechanism of TRE biogenesis has been addressed, key questions regarding TRE function are unresolved. For example, although there is evidence of TREs regulating the transport of receptors from the perinuclear ERC back to the PM ("outgoing cargo"; [@B35]; [@B5]; [@B40]; [@B14]), it is unclear whether TREs *also* transport cargo from SEs to the ERC ("incoming cargo"). In addition, the relationship between the "classical" Rab11a tubulovesicular endosomes (at or near the ERC) and MICAL-L1--containing TREs is poorly understood. In particular, it is unclear whether Rab11a endosomes and TRE transport distinct or overlapping cargo.

In this study, we used superresolution microscopy to address the composition, morphology, and structure of the ERC at subdiffraction resolution. Using structured illumination microscopy (SIM) and dual-channel two-dimensional (2D) direct stochastic optical reconstruction microscopy (dSTORM), as well as 3D dSTORM, we obtained new information about ERC morphology and cargo segregation. We show that CME and CIE cargo remain segregated at the ERC, suggesting that after exit from the SE, additional sorting may not occur. In addition, SIM and 3D dSTORM data support the notion that some but not all ERC vesicles are tethered by contiguous "membrane bridges." Finally, we demonstrate that TREs preferentially facilitate CIE cargo trafficking and that some TREs originate from SE membranes rather than from the ERC. Overall our study supports a model for endocytic recycling in which sorting occurs in peripheral endosomes and segregation is maintained at the ERC.

RESULTS
=======

Despite considerable advances in understanding internalization and early endocytic events, the nature and the function of the ERC remain incompletely understood. Although a multitude of studies have addressed the differential internalization requirements for receptors that traffic via CME as compared with CIE, whether these cargoes undergo mixing at the ERC or remain segregated throughout their recycling itineraries has yet to be determined.

The ERC is typically considered to be a highly complex series of vesicles and tubules concentrated at the perinuclear area. However, given the lack of cryo-EM tomography or superresolution data, the precise nature of the ERC region is unknown. To address the nature and organization of the ERC, we applied superresolution SIM imaging and compared it with micrographs obtained by confocal microscopy ([Figure 1](#F1){ref-type="fig"}). Whereas ∼300-nm resolution by confocal microscopy images depict Rab11a (the ERC marker selected) in a compact perinuclear region ([Figure 1A](#F1){ref-type="fig"}; yellow arrows), 3D SIM imaging at ∼110-nm resolution suggests that although the Rab11a structures are indeed densely packed, many appear to be single, isolated vesicles, suggesting that the ERC may not be entirely enveloped by a single, contiguous membrane ([Figure 1B](#F1){ref-type="fig"} and inset; see also Supplemental Movie S1). To ensure that membrane-contiguous organelles were not disrupted by our SIM fixation process, we costained for Rab11a and the Golgi marker GM130 and subjected the cells to SIM analysis. As demonstrated in [Figure 1, C--E](#F1){ref-type="fig"}, and Supplemental Movie S2, the Golgi retained its typical contiguous, ribbon-like structure under these conditions, whereas Rab11a was mostly localized to vesicles as expected. These observations support the notion that the ERC may be a compartment that contains a complex combination of linked endosomal membranes and potentially independent structures.

![The 3D SIM characterization of Rab11a recycling endosomes in the ERC. (A, B) Rab11a-labeled recycling endosomes were immunostained with anti-Rab11a and Alexa 488--conjugated anti-rabbit secondary antibody and visualized by confocal microscopy (A) and SIM (B). Yellow arrows point to the dense perinuclear area (A). The dashed rectangle in the SIM micrograph (B) is shown enlarged in the inset. (C--E) HeLa cells were stained with anti-Rab11a and anti-GM130 together with the corresponding secondary antibodies and imaged by SIM. Scale bar, 10 μm.](108fig1){#F1}

Because Rab11a can segregate into microdomains of sorting endosomes ([@B42]), we cannot rule out the possibility that "membrane bridges" (with or without Rab11a bound to the membrane) may connect individual membrane-bound vesicles in the recycling compartment. To help address this prospect, we applied 3D SIM imaging to cells that we pulsed and chased with labeled transferrin. We then monitored ERC-localized TfR and endogenous cellubrevin, a soluble *N*-ethylmaleimide--sensitive factor attachment protein receptor and marker of ERC membranes ([@B10]). As demonstrated in [Figure 2, A--C](#F2){ref-type="fig"}, although many TfR-containing endosomes appeared to be on distinct membranes, the 3D SIM imaging allowed us to frequently observe "membrane bridges" marked by cellubrevin (green) that linked TfR-containing endosomes ([Figure 2, A--C](#F2){ref-type="fig"}; green arrows). In some cases, we detected structures containing both cellubrevin and TfR ([Figure 2D](#F2){ref-type="fig"}, bottom left corner), whereas in other cases, TfR- and cellubrevin-containing structures clearly remained distinct from one another ([Figure 2D](#F2){ref-type="fig"}, top half of micrograph). Cellubrevin "bridges" between transferrin-labeled membranes were as long as 400--500 nm in some cases ([Figure 2E](#F2){ref-type="fig"}). To better resolve the potential linkage between apparently distinct endosomal structures within the ERC, we turned to 3D dSTORM imaging. 3D dSTORM displayed a dramatic increase in resolution compared with standard epifluorescence (compare [Figure 2, G](#F2){ref-type="fig"} with [F](#F2){ref-type="fig"}). Although the ∼60 nm lateral *x*/*y* precision (88-nm Nyquist resolution) obtained with 3D dSTORM ([Figure 2H](#F2){ref-type="fig"}) did not approach the resolution that we typically achieved for 2D dSTORM (see later discussion of [Figures 4](#F4){ref-type="fig"} and [7](#F7){ref-type="fig"}), the 3D imaging allowed us to identify connections of up to 500 nm between Rab11a-containing endosomes at the ERC ([Figure 2G](#F2){ref-type="fig"}(1)). On the other hand, other Rab11a-containing clusters of endosomes within the ERC appeared to be independent of one another ([Figure 2G](#F2){ref-type="fig"}(2)), suggesting the possibility that parts of the ERC maintain an underlying connection, whereas others do not.

![Linkage between recycling endosomes in the ERC via "membrane bridges" as observed by SIM and 3D dSTORM imaging. (A--E) HeLa cells on coverslips were transiently transfected with GFP-cellubrevin for 18 h, serum starved for 1 h, and then allowed to internalize Alexa 568--conjugated transferrin for 15 min at 37°C, followed by a 15-min incubation in fresh medium before fixation. The sample was subjected to SIM imaging. (F--H) Endogenous Rab11a in the perinuclear area is depicted by epifluorescence microscopy (F) or a reconstructed 3D dSTORM image (G). HeLa cells plated on glass-bottom MatTek dishes were fixed and stained with anti-Rab11a antibody, followed by Alexa 647--conjugated anti-rabbit antibody. The 3D dSTORM was performed by acquiring \>9 × 10^6^ localizations during 40,000 frames obtained every 50 ms. The single-molecule localizations were reconstructed into a normalized Gaussian image at 10-nm pixel size using the ThunderSTORM plug-in in ImageJ. Enlarged images of the dashed box areas in G are shown in (1) and (2). A histogram (H) representing the calculated uncertainty was plotted on frequency distribution graphs with 27 bins, and the mode of the distribution was taken as the lateral precision. (I) The Nyquist resolution.](108fig2){#F2}

Given the complexity of the ERC, we next asked whether cargo internalized via CME and CIE would both localize to the same Rab11a-containing regions of this compartment. To address this question, we followed TfR and CD59, a glycosylphosphatidylinositol-anchored protein transported via EHD1- and MICAL-L1--containing TREs ([@B3]). As demonstrated by high-resolution SIM imaging, TfR displayed a high level of overlap with Rab11a ([Figure 3, A--C](#F3){ref-type="fig"} and insets, and Supplemental Movie S3). To monitor CD59 at the ERC, we incubated cells with anti-CD59 antibody for 30 min. We then stripped noninternalized antibody from receptors still at the cell surface, and chased the internalized CD59--antibody complex for 2 h to allow it to reach the ERC. Although standard confocal microscopy micrographs suggest some potential overlap between CD59 and Rab11a ([Figure 3, D--F](#F3){ref-type="fig"}), higher-resolution SIM images ([Figure 3, G--I](#F3){ref-type="fig"} and insets, and Supplemental Movie S4) depict only limited colocalization.

![The CIE cargo CD59 is absent from perinuclear Rab11a recycling endosomes in the ERC. (A--C) HeLa cells were fixed and stained with anti-TfR and anti-Rab11a antibodies, along with corresponding secondary antibodies. The localization of TfR (A) and Rab11a recycling endosomes (B) was analyzed with SIM. Insets highlight the boxed area with higher magnification. Scale bar, 10 μm. (D--F) HeLa cells were incubated with anti-CD59 antibody for 30 min at 37°C, followed by an acid strip. The cells were then incubated in fresh medium for 2 h before fixation. CD59 was visualized with Alexa 568--conjugated anti-mouse antibody (D). Rab11a was visualized with rabbit anti-Rab11a antibody and Alexa 488--conjugated anti-rabbit antibody (E). Cells were imaged by confocal microscopy. Scale bar, 10 μm. (G--I) The same sample from D--F was subjected to SIM analysis. The dashed box denotes the perinuclear area. Insets exhibit the boxed area with higher magnification. Scale bars, 10 μm.](108fig3){#F3}

On the basis of these experiments showing that TfR but not CD59 displays considerable overlap with Rab11a at the ERC, we next predicted that cargo internalized either via CME (i.e., TfR) or CIE (i.e., CD59) would remain segregated after being trafficked to the ERC. To test this, we cointernalized transferrin and anti-CD59 antibody for 30 min (pulse) to examine peripheral SEs or for 30 min followed by a 30-min chase into the ERC and subjected the cells to SIM analysis ([Figure 4, A--C](#F4){ref-type="fig"}) or dSTORM ([Figure 4, D and E](#F4){ref-type="fig"}, and Supplemental Figures S1 and S2). SIM analysis partially resolved the CD59 and TfR after chase into the dense ERC region ([Figure 4, A--C](#F4){ref-type="fig"} and insets). In particular, rotation of the 3D images along the *y*-axis shows that CD59- and TfR-containing structures are either mostly distinct or at least well segregated (Supplemental Movie S5). dSTORM imaging at ∼10-nm precision and 33- to 39-nm Nyquist resolution further supported the SIM data, showing that CD59 and TfR were mostly segregated within the ERC ([Figure 4E](#F4){ref-type="fig"} and Supplemental Figure S2). dSTORM imaging in the periphery of cells that had taken up both cargoes for 30 min also yielded very limited colocalization of TfR and CD59 ([Figure 4D](#F4){ref-type="fig"} and Supplemental Figure S1), although areas of overlap could be discerned (see arrows). Although we cannot rule out the possibility that these are distinct compartments that have not been clearly resolved in the *z*-axis, they most likely represent microdomains of peripheral SEs displaying ongoing sorting.

![Segregation of CME and CIE cargoes in the ERC. (A--C) HeLa cells were serum starved for 1 h and then incubated with anti-CD59 antibody (A) and Alexa 568--conjugated transferrin for 30 min at 37°C (B) and then acid stripped. The cells were then incubated in fresh medium for 30 min before fixation. CD59 was visualized with Alexa 488--conjugated mouse secondary antibody (A). The cells were subjected to SIM analysis. Dashed boxes denote the perinuclear area where CD59 and TfR were highly concentrated. Insets, magnified images of the boxed areas. Scale bars, 10 μm. (D, E) HeLa cells plated on glass-bottom MatTek dishes were serum starved for 1 h, followed by incubation of anti-CD59 antibody, as well as of Alexa 647--conjugated transferrin, for 30 min at 37°C. Then the cells were acid stripped and either fixed (D; periphery) or chased in fresh medium for 30 min before fixation (E; perinuclear area). The plates were then incubated with Atto 488--conjugated anti-mouse antibody. dSTORM was performed by acquiring \>1 × 10^6^ localizations during \>20,000 frames obtained every 50 ms. The single-molecule localizations were reconstructed into a normalized Gaussian image at 10-nm pixel size using the ThunderSTORM plug-in in ImageJ. Scale bar, 500 nm.](108fig4){#F4}

The significant segregation between CME and CIE cargoes at the ERC, along with the failure of the latter cargoes to localize to Rab11a-containing recycling endosomes (REs) raised the possibility of very limited post-SE sorting, as these two classes of cargoes remain separate throughout their recycling itinerary to the PM. To clarify the role of Rab11a in sorting of distinct cargo classes, we used the myosin Vb tail as a "surrogate" for Rab11a ([@B16]). This truncated motor protein becomes trapped in the ERC, and, due to its coupling with Rab11a, cargoes that use the Rab11a-myosin Vb pathway are similarly coalesced in the ERC. As demonstrated, the CME cargoes TfR ([Figure 5, A--C](#F5){ref-type="fig"}, green arrows) and LDLR ([Figure 5](#F5){ref-type="fig"}, D--F, blue arrows) were retained in the ERC and highly colocalized with the myosin Vb tail (quantified in [Figure 5M](#F5){ref-type="fig"} and with profile scans in Supplemental Figure S3, A and B). On the other hand, CIE cargo, such as CD59 ([Figure 5, G--I](#F5){ref-type="fig"}, red arrows) and β1-integrin (see [Figure 7, J--L](#F7){ref-type="fig"}, yellow arrows, later in the paper) displayed very limited localization to the myosin Vb tail structures (quantified in [Figure 5M](#F5){ref-type="fig"} and profile scan in Supplemental Figure S3, C and D). Moreover, the myosin Vb tail did not interfere with TRE generation as discerned by MICAL-L1 or syndapin2 immunostaining (Supplemental Figure S3, E--J), both of which are required to facilitate TRE biogenesis and endocytic recycling ([@B14]), although occasionally MICAL-L1 could also be observed in partial overlap with the myosin Vb tail. These data support the idea that MICAL-L1 acts independently of Rab11a in controlling endocytic recycling and that CME and CIE cargoes undergo distinct recycling pathways from their internalization and throughout their recycling itineraries.

![Myosin Vb tail overexpression selectively traps CME cargoes in the perinuclear area. (A--C) HeLa cells transfected with GFP--myosin Vb tail were incubated with transferrin for 30 min at 37°C, washed, and then incubated in fresh medium for 2 h. Green arrows point to the perinuclear area where TfR (A) colocalized with the GFP--myosin Vb tail (B). (D--F) HeLa cells transfected with GFP--myosin Vb tail were incubated with anti-LDLR antibody for 30 min at 37°C and then acid stripped and incubated in fresh medium for 2 h. Blue arrows point to the perinuclear area where LDLR (D) colocalized with the GFP--myosin Vb tail (E). (G--I) HeLa cells transfected with GFP--myosin Vb tail were incubated with CD59 for 30 min at 37°C and then acid stripped and incubated in fresh medium for 2 h. Magenta arrows point to the perinuclear area where GFP--myosin Vb tail (H) is highly compact, whereas CD59 (G) displayed limited localization to this region. (J--L) HeLa cells transfected with GFP--myosin Vb tail were incubated with β1-integrin for 30 min at 37°C, acid stripped, and incubated in fresh medium for 2 h. Yellow arrows denote the perinuclear area where β1-integrin (J) showed limited colocalization with the GFP--myosin Vb tail (K). Scale bar, 10 μm. (M) The degree of colocalization between GFP--myosin Vb tail and different cargoes was measured using ImageJ with Manders overlap coefficients. One hundred twenty cells from three independent experiments were measured and subjected to statistical analysis. Error bars, SD. \*\*\**p* \< 0.0005.](108fig5){#F5}

To address further the seclusion of the clathrin-independent recycling pathway and its lack of reliance on Rab11a, we depleted Rab11a from cells ([Figure 6A](#F6){ref-type="fig"}) and determined the degree to which TfR recycling is affected compared with the CIE cargoes CD59 and β1- integrin. As demonstrated, whereas reduced Rab11a expression severely impaired TfR recycling, no significant effect was measured for CD59 or β1-integrin ([Figure 6, B and C](#F6){ref-type="fig"}). Moreover, overexpression of a dominant-negative Rab11 slowed the rate of TfR recycling without significantly affecting the rate of CD59 recycling ([Figure 6, D and E](#F6){ref-type="fig"}). Overall these data are consistent with the notion that recycling CME and CIE cargoes are segregated within the ERC and that Rab11a regulates recycling of CME but not CIE cargoes.

![Rab11a regulates the recycling of CME but not CIE cargo. (A) HeLa cells were treated with siRNA against Rab11a for 48 h before cell lysis. Rab11a expression was measured by immunoblotting. Actin was used as a loading control. (B) Mock- and Rab11a siRNA--treated cells were serum starved for 1 h, pulsed with Alexa 633--conjugated transferrin for 1 h at 37°C, and then chased in fresh medium for 30 min. The remaining transferrin in the cell was measured by flow cytometry. Statistical analysis was performed with data from three independent flow cytometry assays. SD is shown. \**p* \< 0.05. (C) Mock- and Rab11a siRNA--treated cells were pulsed with anti--β1-integrin or anti-CD59 antibody for 30 min at 37°C, acid stripped, and chased for 3 h before fixation. The cells were then stained with Alexa 568 anti-mouse antibody in the absence of saponin. The total levels of β1-integrin and CD59 were also measured with fixed cells incubated with anti--β1-integrin or anti-CD59 antibody in the presence of saponin. The return of β1-integrin/CD59 to the cell surface after a 3-h chase was calculated as a portion of the total protein level. One hundred eighty cells from three independent experiments were analyzed with ImageJ. Bars indicate SD. (D) HeLa cells transfected with dominant-negative GFP-Rab11 (S25N) were serum starved for 1 h, pulsed with Alexa 568--conjugated transferrin for 1 h at 37°C, and then chased in fresh medium for 30 min. The samples were imaged by confocal microscopy, and the remaining transferrin in nontransfected and dominant-negative GFP-Rab11--transfected cells was determined by ImageJ intensity measurements. SD is shown. \*\**p* \< 0.01. (E) HeLa cells transfected with dominant-negative GFP-Rab11 (S25N) were pulsed with anti-CD59 antibody for 30 min at 37°C, acid stripped, and chased for 3 h before fixation. The cells were then stained with Alexa 568 anti-mouse antibody in the absence of saponin. The total levels of CD59 were also measured with fixed cells incubated with anti-CD59 antibody in the presence of saponin. The return of CD59 to the cell surface after a 3-h chase was calculated as a portion of the total protein level. One hundred twenty cells from three independent experiments were analyzed with ImageJ. SD is shown.](108fig6){#F6}

TREs containing MICAL-L1 and Rab11a are partially concentrated in the ERC. A major unanswered question concerns the relationship between MICAL-L1-TRE and Rab11a-RE. On the basis of the segregation that we observed between CME and CIE cargoes and the select role of Rab11a in regulating the recycling of CME cargoes, we hypothesized that Rab11a and MICAL-L1 may segregate within the ERC. As demonstrated by SIM imaging ([Figure 7, A--C](#F7){ref-type="fig"}, and Supplemental Movie S6), despite the localization of the distal TRE tips to the dense ERC, the TREs show no appreciable overlap with Rab11a. Because SIM is limited to ∼100-nm resolution, we turned to study the ERC at higher resolution, using two-channel dSTORM to image cells costained for endogenous Rab11a and MICAL-L1 ([Figure 7D](#F7){ref-type="fig"} and Supplemental Figure S4). Two areas of the cell were enlarged in [Figure 7D](#F7){ref-type="fig"}; [Figure 7D](#F7){ref-type="fig"}a represents a TRE in the midst of the dense Rab11a ERC, whereas [Figure 7D](#F7){ref-type="fig"}b depicts a TRE from a more peripheral area of the cell. With calculated precision levels of 10 and 13 nm for MICAL-L1 and 18 and 16 nm for Rab11a in [Figure 7D](#F7){ref-type="fig"}, a and b, respectively, and Nyquist resolution of 31--48 nm (Supplemental Figure S4), we observed minimal colocalization between Rab11a and MICAL-L1 both at the ERC and in the periphery. These data support our model in which the ERC maintains segregation of resident proteins and cargoes.

![SIM and dSTORM visualization of Rab11a and MICAL-L1--labeled TREs. (A--C) HeLa cells were stained with anti-Rab11a and anti-MICAL-L1 together with the corresponding secondary antibody and imaged by SIM. Scale bar, 10 μm. (D) Reconstructed dSTORM image showing Rab11a and MICAL-L1 in the perinuclear area (a--a′′) and in the periphery (b--b′′). HeLa cells plated on glass-bottom MatTek dishes were fixed and stained with anti-Rab11a and anti--MICAL-L1 antibodies, followed by Atto 488--conjugated anti-rabbit and Alexa 647--conjugated anti-mouse antibody. dSTORM was performed by acquiring \>1 × 10^6^ localizations during \>20,000 frames obtained every 50 ms. The single-molecule localizations were reconstructed into a normalized Gaussian image with a pixel size of 10 nm using the ThunderSTORM plug-in in ImageJ. The entire cell from where these images are cropped is shown in D (dashed rectangles a and b).](108fig7){#F7}

Previous studies support a role for TREs in regulating cargo transport from the ERC to the PM ([@B5]; reviewed in [@B25]). Establishing whether TREs might also carry cargo *from* the SE *to* the ERC has been a difficult question to address ([Figure 8A](#F8){ref-type="fig"}). We previously showed that phospholipase D (PLD) inhibitors (which prevent PA generation) induce the loss of TRE ([Figure 8, B and C](#F8){ref-type="fig"}; [@B14]). To determine the membrane origin of TREs, we developed an assay in which washout of the PLD inhibitors led to synchronized de novo TRE generation ("burst") beginning within 20 min ([Figure 8D](#F8){ref-type="fig"}) and reaching a peak at 1 h after inhibitor removal ([Figure 8E](#F8){ref-type="fig"}). Using this assay, we costained cells undergoing TRE regeneration 20 min after washout with markers for the ERC and SEs. As demonstrated ([Figure 8, F--H](#F8){ref-type="fig"}), the SE marker Rabenosyn-5 could be detected on punctae at the apex of TREs (see inset; arrows) and along TRE membranes, and this colocalization was also observed in untreated cells (Supplemental Figure S5, A--C, and insets). However, other markers for SE, such as Rab5 and EEA1, were not observed, suggesting that TREs are derived from a select subset of SEs (unpublished observations). Moreover, surface-stained wheat germ agglutinin (WGA) internalized for 5 min did not appear in MICAL-L1--containing TREs, indicating that these TREs are not derived from the PM (Supplemental Figure S6). In addition, we observed that newly generated TREs localize to the periphery and are typically absent from the ERC. Overall these data lead us to suggest that some TREs originate from a subset of SEs containing Rabenosyn-5, and likely transport cargo from SEs to the ERC. FIGURE 8:MICAL-L1--decorated TRE are derived from SEs. (A) Schematic diagram depicting the ERC and potentially SEs as likely sources of TRE membrane. (B--E) TRE analysis by confocal microscopy was done on (B) untreated cells, (C) cells incubated with phospholipase D inhibitors for 30 min, or (D) after inhibitor washout and chase in fresh DMEM for 20 min (D) or 1 h (E). Scale bar, 10 μm. (F--H) TREs colocalized with the endosomal marker Rabenosyn-5 upon regeneration. HeLa cells treated with PLD inhibitors for 30 min and then chased in fresh DMEM for 20 min (as in D) were costained with MICAL-L1 (F) and Rabenosyn-5 (G) antibodies. Arrows depict the nucleation of a MICAL-L1--containing TREs from a Rabenosyn-5--endosome. Scale bars, 10 μm.

Our next goal was to determine which cargoes might potentially be transported along peripheral TREs to the ERC. To address cargo selectivity in TRE, we initially examined the carriers that transport the CIE cargo CD59. As depicted by SIM micrographs in [Figure 9, A--C](#F9){ref-type="fig"}, CD59 internalized for 9 min clearly localized to MICAL-L1-TRE. On the other hand, TfR internalized via CME was absent from MICAL-L1-TRE after either 3 min ([Figure 9, D--F](#F9){ref-type="fig"}) or 9 min of internalization (Supplemental Figure S7, A--C, and insets). We next analyzed cargo selectivity on newly generated TREs derived from Rabenosyn-5--containing SEs. To this aim, we treated cells for 30 min with PLD inhibitors, followed by a 20-min washout in complete media, to allow generation of MICAL-L1--containing TREs. In the last 10 min of washout, we monitored internalized cargo. As demonstrated ([Figure 9, G--J](#F9){ref-type="fig"}), internalized CD59 was sorted into newly formed Rabenosyn-5-- and MICAL-L1--containing TREs (quantified in Supplemental Figure S7, D and E). In contrast, whereas TfR was detected in partial overlap with Rabenosyn-5 at SEs ([Figure 9, K--N](#F9){ref-type="fig"}; yellow arrow), it was entirely absent from the TREs containing both MICAL-L1 and Rabenosyn-5 ([Figure 9, K--N](#F9){ref-type="fig"}; quantified in Supplemental Figure S7, D and E). These data further support the notion that MICAL-L1-TREs preferentially mediate the transport of CIE cargo from SEs to the ERC. FIGURE 9:TREs selectively transport cargoes from SE. (A--F) HeLa cells on coverslips were transiently transfected with HA-MICAL-L1 for 18 h and incubated with anti-CD59 antibody for 9 min at 37°C (A--C) or pulsed for 3 min with Alexa 568--conjugated transferrin (D--F). Surface-bound CD59 antibody was removed by acid strip before fixation. Internal CD59 was visualized with Alexa 568--conjugated anti-mouse antibody (B) in the presence of saponin. MICAL-L1 was visualized with rabbit anti-HA antibody and Alexa 488--conjugated anti-rabbit antibody (A). Scale bar, 10 μm. (G--N) HeLa cells transfected with GFP--MICAL-L1 were treated for 30 min with PLD inhibitors and then either incubated with mouse anti-CD59 antibody for 10 min at 37°C, followed by staining with Alexa 568--conjugated anti-mouse antibody (G--J), or incubated with Alexa 568--conjugated transferrin for 10 min at 37°C. Rabenosyn-5 endosomes were detected by rabbit anti--Rabenosyn-5, followed by Alexa 647--conjugated anti-rabbit secondary antibody. All images are maximal projections of ∼20 SIM slices separated by 110 nm in the *Z*-axis. Arrows in K--N depict TfR in Rabenosyn-5--containing endosomes that are absent from TREs. Scale bar, 1 μm. The degree of colocalization between different cargoes and Rabenosyn-5 or MICAL-L1 is quantified and summarized in Supplemental Figure S6, D and E.

To further support or negate the idea that TREs transport CD59 to the ERC from SEs, we carried out live-cell imaging experiments to follow CD59 trafficking along newly generated TREs ([Figure 10](#F10){ref-type="fig"}). To this aim, we first incubated cells with PLD inhibitors to disrupt TREs. We then washed out the inhibitors (leading to acute TRE biogenesis) and provided anti-CD59 to the cells so that CD59 could be internalized and monitored. At the initial time point imaged ([Figure 10](#F10){ref-type="fig"}; 45 s), we observed little or no CD59 in the ERC (marked by a dashed yellow region of interest), and the TRE monitored had not yet undergone biogenesis and was not visible. At the 1:45 time point, no CD59 had yet reached the ERC (dashed yellow region of interest and blue arrow), but the MICAL-L1--marked TREs began to grow in the cell periphery (red arrow). At 2:45 and 3:45 time points, the TREs continued to grow from the periphery toward and into the ERC region, with some CD59 accumulating at the ERC. Finally, at the 4:45 time point, the newly generated TREs, marked by MICAL-L1 and CD59, were extended fully into the ERC (dashed yellow region of interest and blue arrow). Although the signal was weaker than that of MICAL-L1, CD59 partially colocalized with MICAL-L1 on the TREs and reached the ERC. These data strongly support the notion that, in addition to its characterized role in regulating ERC-to-PM trafficking, the source of some TRE membrane derives from peripheral SEs, and these TREs can transport CIE such as CD59 from SEs to the ERC.

![TREs transport CD59 into the recycling compartment. HeLa cells on 35-mm glass-bottom plates were transiently transfected with GFP--MICAL-L1 for 18 h and incubated with PLD inhibitors for 30 min at 37°C. The cells were then washed three times and incubated in fresh complete medium for 10 min at 37°C, followed by a 10 min-pulse of Alexa 555--conjugated anti-CD59 antibody. The cells were then washed and imaged in prewarmed Ringer's solution. Red arrows indicate the initiation site of a newly generated MICAL-L1-TRE. Blue arrows point to the growing ERC. Dashed boxes denote the perinuclear area and are shown with higher magnification in the insets. Scale bars, 10 μm.](108fig10){#F10}

DISCUSSION
==========

Composition of the ERC
----------------------

The long-standing paradigm for the ERC holds that it is situated in a perinuclear region of the cell adjacent to the MTOC and comprises a complex series of tubular-vesicular endosomes ([@B47]; [@B29]; [@B26]; [@B27]). Distinguishing whether the ERC is enveloped mostly by a single contiguous membrane as originally proposed by [@B19]) or is a region of mostly individual vesicles and tubules has been a difficult question to resolve. Although ultimately techniques that directly label membranes and allow 3D analysis (such as cryo-EM coupled with tomography) will help determine the nature of the ERC more precisely, the inherent fusion-fission dynamics of this organelle may complicate this endeavor. In this study, however, we took advantage of advanced superresolution and single-molecule imaging techniques to address cargo segregation within the ERC and the physical separation of cargo localized to ERC vesicles and TREs.

Given that a growing body of evidence, including our findings here, supports the idea that CME and CIE cargo sorting occurs at the SEs before transport to the ERC, it was rational to hypothesize that the cargoes *remain* segregated to either distinct ERC endosomes or membrane subdomains within the ERC until they are recycled back to the PM (see later discussion of the model presented in [Figure 11](#F11){ref-type="fig"}). To address this question and circumvent the limitations of light microscopy in resolving distances less than ∼300 nm, we used both SIM and dSTORM to reexamine the ERC organization and cargoes that recycle via this compartment. By these two superresolution techniques, with Rab11a and cellubrevin as ERC markers, and following the distribution of internalized TfR and CD59 by "pulse-chase," we provide evidence suggesting that some of the endosomes at the ERC are linked by "membrane bridges" as long as 500 nm. On the other hand, other endosomes appear to be individual structures and have no detectable Rab11a or cellubrevin "linking" them. Although tomography will be needed to ascertain the individual nature of these vesicles, the ERC appears to comprise of a network of both partially connected and individual vesicles and tubules. While the issue of ERC continuity cannot be entirely resolved from our study, our data are consistent with the notion that the ERC maintains segregation of CME and CIE cargo. Moreover, we demonstrate that whereas CME cargoes are transported to the PM via myosin Vb/Rab11a-FIP2/Rab11a complexes, CIE cargoes are recycled independently of Rab11a and myosin Vb. Overall these findings hint at the intriguing possibility that CIE may be coupled directly to microtubules, whereas CME may rely first on a connection with myosin Vb and microfilaments before being linked to microtubule-dependent transport to the cell surface.

![Proposed model depicting the recycling of CME and CIE. Cargoes internalized through CME and CIE merge in Rabenosyn-5--containing sorting endosomes (SEs). Rab11a vesicles (or small labile tubules) are formed to escort CME cargoes such as TfR and LDLR to the perinuclear area. MICAL-L1--decorated TREs are also generated from Rabenosyn-5--containing SEs, carrying CIE cargoes such as CD59, CD98, and β1-integrin to the perinuclear area. The sorted cargoes remain segregated in the dense perinuclear ERC. Cargoes are then linked to motor proteins along microtubules in either vesicular or tubular recycling endosomes and transported back to the PM.](108fig11){#F11}

The selectivity of TREs
-----------------------

The routes for cargo entry into the cell have been studied intensively and can be categorized into two very general mechanisms, CME and CIE, depending on whether the clathrin-coated pits are assembled during endocytosis (see model in [Figure 11](#F11){ref-type="fig"}). In comparison to the "canonical" internalization via CME, CIE controls the internalization of distinct cargoes and is mediated by a different set of regulatory proteins and lipids ([@B28]). However, much less is known about the fates and itineraries of these proteins and lipids after their entry via different internalization mechanisms. Some regulatory proteins were identified that regulate the recycling of CIE cargoes, such as Rab22a ([@B45]), Rab8 ([@B17]), and Arf6 ([@B35]; [@B34]). Although potentially selective for CIE cargo, these regulators may also exert a regulatory role in the recycling of CME cargoes such as TfR ([@B17]; [@B24]). We determined that the TRE biogenesis proteins MICAL-L1 and its interaction partner syndapin2 serve as markers for TREs that selectively transport CIE cargoes from SEs into the ERC in addition to their role in regulating ERC-to-PM trafficking. Moreover, MICAL-L1 and the CIE cargoes remain in segregated endosomal structures throughout their retention in the ERC and as they recycle back to the PM. Our data are consistent with the notion that additional sorting at the ERC is unlikely to occur once cargo has exited the SEs. Accordingly, once sorting has been established, cargoes remain in distinct endosomes or regions of the ERC and are returned to the PM independently of one another. These findings shed new light on the mechanism of cargo sorting into different REs.

How are select CME cargoes sorted to Rab11a-decorated membranes, whereas CIE cargoes localize to MICAL-L1--containing TREs at the SEs? Potential mechanisms distinguishing CME and CIE cargoes at the SEs include the following: 1) Cargoes entering through CME often contain signals in their cytoplasmic domains that are recognized by specific regulatory proteins such as ACAP1 ([@B9]). It is possible that there are regulators for the recognition of CIE cargoes that have yet to be identified. 2) The lipid microenvironment that escorts CME and CIE cargoes from the PM to SEs differs. Vesicles derived from CME typically contain phosphatidylinositol-(4,5)-bisphosphate from the PM ([@B1]). On the other hand, generation of tubular invaginations bearing CIE cargoes is often from cholesterol-enriched domains ([@B12]). In addition, MICAL-L1 is recruited onto the membrane of TREs by PA ([@B14]). The differential lipid microenvironments of recycling endosomes likely also account for the longer and wider tubular structures observed in TREs.

The significance of TREs in endocytic trafficking
-------------------------------------------------

Tubular endocytic carriers play an important role in mediating transport within the endocytic pathways ([@B7]). We identified MICAL-L1 as a TRE marker that stably resides on the endosomal membrane and facilitates its tubulation and biogenesis ([@B40]). MICAL-L1--decorated TREs bear different lipid components than the tubular invaginations at the PM, and MICAL-L1 does not localize to PM tubules labeled by WGA (Supplemental Figure S5; [@B13]). Indeed, TRE are crucial for the recycling of internalized receptors and lipids. Because depletion of either MICAL-L1 or EHD1 resulted in the failure of TfR and β1-integrin to exit the ERC, TREs have been primarily considered as carriers of cargoes returning to the PM from the ERC ([@B20]; [@B12]; [@B40]). Despite this evidence, the directionality and transport itinerary of TRE have not been firmly established, and whether TRE might also support SE-to-ERC trafficking has been an open question until now.

Our study demonstrates that MICAL-L1--decorated TRE can be generated from Rabenosyn-5--containing SEs, suggesting that TREs are responsible for the movement of cargo from peripheral SEs to the perinuclear ERC (see model in [Figure 11](#F11){ref-type="fig"}). Furthermore, MICAL-L1 recruits EHD1 to the TRE membrane, which mediates the fission of tubules and supports vesicular transport ([@B31]). Our findings indicate that cargo-containing TREs can originate from SEs and that EHD1 likely cleaves TREs to generate vesicular endosomes that ultimately bring in cargoes to the ERC. This notion is reinforced by the imaging of TREs either by SIM or dSTORM ([Figure 7](#F7){ref-type="fig"}) and by live imaging ([Figure 10](#F10){ref-type="fig"}). In these images, MICAL-1 localizes to a contiguous tubular membrane in the cell periphery, whereas it resides on more vesicular structures in the perinuclear area.

As noted, the effect of either MICAL-L1 or EHD1 depletion leads to cargo accumulation in the ERC. These phenotypic observations fit a model in which TREs facilitate the *exit* of cargo from the ERC rather than the transport of cargo *into* the ERC. This raises the question of why cargo appears to be delayed at the ERC rather than the SE. One possibility is that TRE might bidirectionally transport cargoes both *to* and *out of* the ERC. In this scenario, we hypothesize that cargo at the SEs has various compensatory or alternate pathways to reach the ERC (in the absence of EHD1 or MICAL-L1) but fewer alternate pathways to exit the ERC. Thus the absence of MICAL-L1/EHD1 may induce nonphysiological transport of cargo to the ERC via alternate pathways but then cause the cargo to remain trapped within the ERC. Indeed, impaired function of Rab11, which appears to be involved in sorting at the SEs ([@B42]) as well as ERC-to-PM trafficking, also causes accumulation of cargo at the ERC ([@B38]). It has been proposed that EHD proteins mediate membrane scission upon ATP hydrolysis ([@B11]). In this scenario, EHD1 depletion would impair TRE vesiculation, and we speculate that this process might also be essential for exit of recycling cargo from the ERC once cargo has arrived from the SEs.

Another potential reason for cargo accumulation at the ERC (as opposed to the peripheral SEs) upon EHD1 or MICAL-L1 depletion is that it might result from the coalescence of entire SE populations into the ERC region. A study from our lab suggested that MICAL-L1 is linked to dynein-mediated trafficking via the collapsin response mediator protein 2 (CRMP2) and that MICAL-L1 or CRMP2 depletion led to more rapid cargo transport to the ERC ([@B36]). We cannot rule out the possibility that intact peripheral SEs migrate and cluster to the ERC region; if this is the case, then one explanation for delayed cargo recycling at the ERC upon EHD1 or MICAL-L1 depletion could be failure of the cargo to exit intact SEs that have already migrated and coalesced into the ERC region. It is of interest that recycling endosomes are tightly connected with the appendages of the mother centriole, since they are both found in the perinuclear region ([@B18]). Accordingly, we hypothesized that MICAL-L1 and EHD1 might serve as a link between RE and centrosomes ([@B37]). MICAL-L1/EHD1 may have a nonselective effect on RE attachment to the microtubules for transportation to the PM and thus contribute to the regulation of endocytic recycling from the ERC.

Our studies alter the current understanding of the role that TREs play in endocytic recycling. Because we view receptor sorting as less likely to occur in the ERC, we speculate that the transport of endosomes to this central area of the cell may serve to focus REs at a "staging ground" where REs (from both CME and CIE) are linked to microtubule tracks and/or the actin cytoskeleton by select motor proteins (see model in [Figure 11](#F11){ref-type="fig"}). Accordingly, the involvement of myosin Vb in CME trafficking hints at a possible requirement for both microfilament- and microtubule-dependent transport mechanisms, whereas we predict that CIE might rely more exclusively on microtubules. Although future studies are needed to address this idea, we speculate that the ERC region provides a concentrated platform on which vesicles/tubules, motor proteins, and the cytoskeleton may be coupled to facilitate efficient transport to the PM.

MATERIALS AND METHODS
=====================

Cell lines
----------

HeLa cells from the American Type Culture Collection (Manassas, VA) were grown in DMEM containing 10% fetal bovine serum, 2 mM glutamine, 100 U/ml penicillin, and 100 U/ml streptomycin.

DNA constructs, transfection, and small interfering RNA treatment
-----------------------------------------------------------------

Human hemagglutinin (HA)-MICAL-L1 and HA-syndapin2 were previously described ([@B40]; [@B14]). The green fluorescent protein (GFP)--myosin Vb tail construct was a gift from James R. Goldenring (Vanderbilt University Medical Center, Nashville, TN; [@B23]). GFP-cellubrevin was kindly provided by J. Donaldson (National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, MD). Dominant-negative GFP-Rab11 (S25N) was kindly provided by Robert Lodge (University of Montreal, Montreal, Canada). HeLa cells were transfected for 18 h at 37°C with X-tremeGENE 9 (Roche Applied Science, Indianapolis, IN) according to the manufacturer's protocol. Small interfering RNA (siRNA) oligonucleotides targeting human Rab11A were synthesized by Dharmacon (Lafayette, CO): sense (5′-GAGU­AAUCUCCUG­UCU­CGA(dT)(dT)-3′). Rab11a-siRNA treatment was carried out with Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA) for 48 h according to the manufacturer's protocol, using 0.3 μM oligonucleo­tide (Dharmacon).

Antibody and reagents
---------------------

Mouse monoclonal MEM-43 ascites antibody against CD59 was kindly provided by V. Horejsi (Academy of Sciences of the Czech Republic, Prague, Czech Republic) and used previously ([@B3], [@B2], [@B4]). Other commercial antibodies used were mouse anti-human β1-integrin (CD29; AbD Serotec, Raleigh, NC), rabbit anti-LDLR (Progene, Lenexa, KS), mouse anti-human TfR (Zymed, Lafayette, CO), mouse anti--MICAL-L1 (Novus Biologicals, Littleton, CO), mouse anti-actin (Novus Biologicals), rabbit anti--Rabenosyn-5 (Novus Biologicals), rabbit anti-Rab11a (US Biologicals, Salem, MA), rabbit anti-HA (Signalway, College Park, MD), goat anti-mouse horseradish peroxidase (HRP; Jackson Immuno­Research Laboratories, West Grove, PA), donkey anti-rabbit HRP (GE Healthcare, Pittsburgh, PA), and Alexa 568--conjugated goat anti-mouse, Alexa 488--conjugated goat anti-rabbit. Secondary antibodies used in dSTORM imaging were Alexa 647 goat anti-mouse F(ab)~2~ (Invitrogen), Atto 488--conjugated anti-rabbit (Sigma-Aldrich, St. Louis, MO), Atto 488--conjugated anti-mouse (Sigma-Aldrich), and Alexa 647 goat anti-rabbit (Life Technologies, Carlsbad, CA). Anti-CD59 antibody was conjugated to Alexa 555 with the APEX Alexa Fluor 555 Antibody Labeling Kit (Life Technologies) according to the manufacturer's instructions.

Reagents used include Alexa 568--conjugated transferrin, Alexa 633--conjugated transferrin, Alexa 647--conjugated transferrin, and WGA from Life Technologies, CAY inhibitor cocktail (CAY10593, CAY10594) from Cayman Chemical Company (Ann Arbor, MI), and 20% glucose solution, glucose oxidase from *Aspergillus niger*, catalase from bovine liver, cysteamine hydrochloride (MEA), and 100-nm-diameter gold nanoparticles, all purchased from Sigma-Aldrich.

Immunoblotting
--------------

HeLa cells were harvested and lysed on ice for 30 min in lysis buffer containing 50 mM Tris, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and protease inhibitor mixture (Roche Molecular Biochemicals). Total protein levels in the lysate were then determined by Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA) and normalized for equal protein loading on gels. Protein samples were separated on 10% SDS--PAGE and detected by immunoblotting with appropriate antibodies.

Immunofluorescence staining
---------------------------

Cells grown on coverslips were fixed with 4% (vol/vol) paraformaldehyde in phosphate-buffered saline (PBS) for 10 min as previously described ([@B46]). Cells were then incubated with primary antibody in staining buffer containing 0.2% saponin (wt/vol) and 0.5% bovine serum albumin (wt/vol) in PBS for 1 h at room temperature. The appropriate fluorochrome-conjugated secondary antibody was applied in the same staining buffer for 1 h at room temperature. Coverslips were mounted on glass slides in Fluoromount G (SouthernBiotech, Birmingham, AL). Confocal microscopy imaging was done with a Zeiss LSM 5 Pascal confocal microscope (Carl Zeiss, Oberkochen, Germany) using a 63× objective with a numerical aperture (NA) of 1.4 and appropriate filters, and SIM was done with a Zeiss Elyra PS.1 Microscope (Carl Zeiss) by using a 63× objective with NA of 1.4. To measure colocalization, at least 60 cells from three independent confocal microscopy experiments or 12 cells from three independent SIM experiments were assessed using ImageJ (National Institutes of Health, Bethesda, MD) with Manders colocalization using the JaCoP plug-in.

For dSTORM sample preparation, cells plated on glass-bottom MatTek dishes were fixed and stained with primary antibody in staining buffer, washed, and then incubated with secondary antibody. The stained cells were fixed again for 10 min in 4% (vol/vol) paraformaldehyde and incubated in presonicated 100-nm-diameter gold nanoparticles for 20 min at room temperature before dSTORM acquisition.

Live-cell imaging
-----------------

HeLa cells on 35-mm glass-bottom tissue culture dishes (World Precision Instruments, Sarasota, FL) were transiently transfected with GFP-MICAL-L1 for 18 h and incubated with PLD inhibitors for 30 min at 37°C. The cells were then washed three times and incubated in fresh complete medium for 10 min at 37°C, followed by a 10-min pulse of anti-CD59 antibody conjugated with Alexa 555. Then the cells were washed and imaged in prewarmed Ringer's solution (152 mM NaCl, 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4, 5.6 mM glucose, 4.8 mM KCl, 1.3 mM CaCl~2~, 1.2 mM KH~2~PO~4~, 1.2 mM MgSO~4~) covered by a thin layer of mineral oil. Confocal microscopy imaging was done with a Zeiss LSM 5 Pascal confocal microscope (Carl Zeiss) using a 63× objective with NA of 1.4 and appropriate filters. Images in each channel were obtained at 512 × 512 pixels with the pinhole set at z-slices of 1.6 µm. The imaging was performed every 15 s, and images taken at 45 s; 1 min, 45 s; 2 min, 45 s; 3 min, 45 s; and 4 min, 45 s are presented.

Structured illumination microscopy imaging and data processing
--------------------------------------------------------------

SIM images were collected with a Zeiss ELYRA PS.1 illumination system (Carl Zeiss) using a 63× oil objective lens with NA of 1.4. Three lasers were used in the image acquisition: 642, 568, and 488 nm. Three orientation angles of the excitation grid were acquired for each *Z*-plane, with *Z* spacing of 110 nm between planes.

SIM processing was performed with the SIM module of the Zen BLACK software (Carl Zeiss). The processed SIM images were then exported in TIF format. Selected cell regions were cropped in ImageJ, rendered into a 3D reconstruction with a 180-frame rotation series along the *Y*-axis of the processed SIM images, and exported as AVI videos.

dSTORM imaging and data processing
----------------------------------

dSTORM was performed on a Zeiss Elyra PS.1 microscope with a 100× oil-immersion objective with 1.46 NA. For the imaging of Alexa 647 and Atto 488, we used 642-, 488-, and 405-nm laser lines. Cell samples were kept in imaging buffer (50 mM Tris, 10 mM NaCl, 10% glucose, pH 8.0) containing 100 mM MEA, 0.56 mg/ml glucose oxidase, and 34 μg/ml catalase and imaged sequentially to detect Alexa 647 and then Atto 488. Images in each channel were obtained at 256 × 256 pixels. The imaging acquisition was performed at 33 Hz. From 10,000 to 25,000 frames were obtained for each channel. The 3D dSTORM was performed as described, except using a 63× oil-immersion objective with 1.4 NA and a 3D-PALM slider. We obtained 40,000 frames for 3D dSTORM.

Acquired data were processed using the ImageJ plug-in ThunderSTORM ([@B33]). The parameters used in the processing are listed in [Table 1](#T1){ref-type="table"}. Lateral drift was corrected using the ThunderSTORM correlation algorithm, and pixels displaying uncertainty (precision) \>60 nm were filtered out before reconstruction to normalized Gaussian images with 10-nm pixel size. Regions of interest (ROIs) were selected, and the number of pixels (*n*) within the ROI and the area (*A*, nm^2^) of the ROI were calculated. The Nyquist resolution (*r*) of the ROI was calculated as *r* = . The precision for each pixel within the ROI was plotted on the frequency distribution graph with 30 bins.

###### 

Parameters used in the ThunderSTORM analysis.

  --------------------------------------- ---------------------------
  Pixel size (nm)                         200
  Photoelectron per A/D count             7.0
  Base level (A/D count)                  100.0
  EM gain                                 250.0
  Filter                                  Wavelet filter (B-spline)
  B-spline order                          3
  B-spline scale                          2.0
  Approximate localization of molecules   
  Method                                  Local maximum
  Peak intensity threshold                Std(Wave.F1)
  Connectivity                            Eight-neighborhood
  Subpixel localization of molecules      
  Method                                  PSF: integrated Gaussian
  Fitting radius (pixels)                 3
  Fitting method                          Least squares
  Initial sigma (pixels)                  1.6
  --------------------------------------- ---------------------------

To carry out dual-channel alignment, at least three fiducial gold nanoparticles fluorescing at both corresponding green and red wavelengths were used for calibration. The lateral (*X* and *Y*) distances for the same particles at the two wavelengths were measured by ImageJ, and the reconstructed image was adjusted accordingly.

Before 3D dSTORM processing, a cylindrical lens calibration was performed. Fiducial gold nanoparticles were plated on glass-bottom MatTek dishes and imaged with 3D dSTORM conditions with a *Z* stage step of 10 nm and 4000-nm *Z*-range limit. The image series was analyzed by Thunderstorm 3D calibration using the parameters listed in [Table 2](#T2){ref-type="table"}. The calibration files were saved for 3D analysis. The 3D dSTORM processing was carried out using ThunderSTORM with parameters listed in [Table 3](#T3){ref-type="table"}. The processed data were drift corrected and filtered as described for 2D dSTORM and rendered into normalized Gaussian images with 40 *Z-*slices of 25 nm thickness. Single-slice images were presented.

###### 

Parameters used in the 3D dSTORM calibration.

  --------------------------------------- ------------------------------
  Pixel size (nm)                         320
  Photoelectron per A/D count             7.0
  Base level (A/D count)                  100.0
  EM gain                                 250.0
  Filter                                  Wavelet filter (B-spline)
  B-spline order                          3
  B-spline scale                          2.0
  Approximate localization of Molecules   
  Method                                  Local maximum
  Peak intensity threshold                2\*Std(Wave.F1)
  Connectivity                            Eight-neighborhood
  Subpixel localization of molecules      
  Method                                  Elliptic Gaussian with angle
  Fitting radius (pixels)                 3
  Fitting method                          Least squares
  Initial sigma (pixels)                  1.6
  3D defocus model                        ThunderSTORM
  *Z* stage step (nm)                     10.0
  *Z*-range limit (nm)                    4000.0
  --------------------------------------- ------------------------------

###### 

Parameters used in the 3D dSTORM analysis.

  --------------------------------------- -------------------------------------------
  Pixel size (nm)                         320
  Photoelectron per A/D count             7.0
  Base level (A/D count)                  100.0
  EM gain                                 250.0
  Filter                                  Wavelet filter (B-spline)
  B-spline order                          3
  B-spline scale                          2.0
  Approximate localization of molecules   
  Method                                  Local maximum
  Peak intensity threshold                2\*Std(Wave.F1)
  Connectivity                            Eight-neighborhood
  Subpixel localization of molecules      
  Method                                  PSF: elliptical Gaussian (3D astigmatism)
  Fitting radius (pixels)                 3
  Fitting method                          Least squares
  Initial sigma (pixels)                  1.6
  --------------------------------------- -------------------------------------------

To validate the image processing, the data collected were reconstructed into normalized Gaussian images with 200-nm pixel size using ThunderSTORM as described. The images were then convolved by a Gaussian blur filter with the mean point spread function (PSF).

Colocalization was determined by ImageJ. Histogram images of both channels with 10-nm pixel size were generated respectively and then aligned as described. The pixels from each image were converted to 0 (no pixel intensity) or 1 (pixel intensity from 1 to 255). Colocalization was defined as a pixel with values of 1 in each channel. Total two-channel represents the number of pixels, and total colocalized is the number of those pixels that have values of 1 in each channel. Degree of colocalization was determined by the ratio of total colocalized to total in two channels.

Histograms representing the calculated uncertainty for each channel were plotted on frequency distribution graphs with 30 bins, and the mode of the plotted curve was calculated as the precision for the image.

Pulse-chase recycling assay
---------------------------

HeLa cells grown on coverslips were incubated with anti--CD59/β1-integrin antibody for 30 min at 37°C (pulse). The surface-bound and noninternalized antibody was removed by a 1-min acid strip (0.5 M NaCl, 0.5% acetic acid, pH 3.0). The cells were then incubated in complete medium for the indicated times at 37°C (chase) and then washed three times in PBS before fixation. An additional coverslip was treated with only 30-min pulse and acid strip to determine the initial level of antibody on the cell surface. Both coverslips were stained with Alexa 568 goat anti-mouse antibody in the absence of detergent for 1 h at room temperature. To determine the total CD59/β1-integrin level, another coverslip was fixed and stained with anti--CD59/β1-integrin antibody and then Alexa 568 anti-mouse antibody in saponin-containing staining buffer. All coverslips were subjected to confocal microscopy and ImageJ analysis. The rate of CD59/β1-integrin recycling was presented as the percentage of total CD59/β1-integrin recycled to the PM.

For TfR recycling, HeLa cells were grown on 100-mm dishes, resuspended with cell stripper (Mediatech, Corning, NY), and then washed with PBS. The cells were first pulsed with Alexa 633 transferrin for 1 h at 37°C (pulse), followed by washes with PBS. Cells were then divided into two groups. One (group A) was fixed directly with 4% (vol/vol) paraformaldehyde in PBS for 10 min, and the other (group B) was washed three times and incubated in fresh medium for 30 min (chase) before fixation. The amount of transferrin internalized after the pulse (A), as well as that remaining in the cells after the chase (B), was measured by flow cytometry. The recycling rate of TfR is presented as the percentage of internalized transferrin remaining in the cell after a 30-min chase, which was calculated as B/A. For both measurements, the values from three independent experiments were normalized.

Tubular endosome regrowth assay
-------------------------------

HeLa cells were incubated with 100 nM (wt/vol) CAY inhibitor cocktail (CAY10593 plus CAY10594) for 30 min at 37°C, and the inhibitor was then washed away with complete medium. The cells were incubated in fresh medium for 20 min or 1 h before fixation with 4% (vol/vol) paraformaldehyde. The coverslips were stained for MICAL-L1 to observe the loss and regrowth of TREs by confocal microscopy.
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:   clathrin-mediated endocytosis
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:   direct stochastic optical reconstruction microscopy

EM

:   electron microscopy
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:   endocytic recycling compartment
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:   molecules interacting with Cas-like1
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:   microtubule-organizing center
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:   tubular recycling endosomes
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